Abstract This paper reports on two nuclear astrophysics experiments performed in collaboration with Ruhr University. In a 12 C+ 12 C fusion reaction, the 12 C( 12 C, α) 20 Ne and 12 C( 12 C, p) 23 Na reactions were studied in the energy range of E = 2.10 MeV to 4.75 MeV using γ-ray spectroscopy.
Introduction
In a large variety of astrophysical objects, nuclear reactions play a pivotal role in both energy production and nucleosynthesis. Nuclear astrophysics is an interdisciplinary branch of physics involving close collaboration among researchers in various subfields of nuclear physics and astrophysics, including stellar modeling, measurement and theoretical estimation of nuclear reaction rates, and stable and explosive stellar burning phases. The effects of the environment on the height of the Coulomb barrier (electron screening) are also part of this field. In general terms, nuclear astrophysics aims to understand the origin of the chemical elements and the energy generation in stars. The Dynamitron-Tandem-Laboratorium (DTL) at the Ruhr University, Bochum, Germany, is working on most of these fields. Nuclear reactions such as 3 He(d, p) 4 He, D(d, p)T, 7 Li(p, α) 4 He, 6 Li(p, α) 3 He, 3 He(α, γ) 7 Be, 12 C(α, γ) 16 O, 12 C( 12 C, α) 20 Ne, and 12 C( 12 C, p) 23 Na were studied using the 100 kV, 500 kV and 4 MV accelerators at the DTL, respectively. The present paper reports such nuclear astrophysics experiments in collaboration with the university. to as carbon burning in stars, following the stellar hydrogen and helium burning stages [1] . They represent key reactions in nuclear astrophysics since they influence not only the nucleosynthesis of 20 Ne and 23 Na but also the subsequent evolution of a star, e.g. whether a star evolves into a carbon-detonation supernova or not. Thus, the cross section of these reactions must be known with high accuracy down to the Gamow energy E G = 1.5 ± 0.3 MeV for a temperature of 5 × 10 8 K. Using charged-particle or γ-ray spectroscopy, the reactions were investigated over a wide range of energies down to the center-of-mass energy E = 2.5 MeV
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[1∼5] . However, below E = 3.0 MeV the reported cross sections were rather uncertain because at these energies the presence of 1 H and 2 H in the targets hampered the measurement of the 12 C+ 12 C process in both spectra. Improved studies therefore required C targets with an ultra-low hydrogen contamination. This paper presents such studies using γ-ray spectroscopy.
The 4 MV Dynamitron tandem accelerator at the university provided the 12 C beam with up to 40 particle µA on the target (at low energies). The energy calibration and energy spread of the beam are known to be better than 3 keV and equal to 2 keV, respectively [6, 7] . The purity of the C beam is known to be better than 10 −11 for O and other light ions [8] . The beam passed through a collimator (diameter Φ = 4 mm, distance to target is 60 cm) and was stopped at the C target (graphite foil of 1.0 mm in thickness and 20×20 mm conflat flange. The conflat beam pipe (Φ = 4 cm, length is 30 cm) with the target holder was electrically insulated from the upstream beam pipe, and they formed the Faraday cup for beam integration, with an estimated error of 3%. A Ge detector was placed at 0
• to the beam axis (100% relative efficiency, energy resolution is 2.4 keV at E γ = 1.4 MeV, front-face distance to the target is 2 cm). The setup was surrounded by a 10 cm thick lead shield to suppress the room background in the relevant energy range by a factor of 400. Finally, a plastic scintillator was used to veto cosmicray induced events in the detector. The accelerator and experimental setup are shown in Fig. 1 . The intense 12 C beam heated the target to an estimated temperature of 700
• C, and we observed -within about 10 minutes of bombardment -a decrease in the hydrogen contamination in the target to a negligible level. Aside from γ-ray lines due to intrinsic activities in the lead and/or target chamber, the spectra are dominated by the lines of interest at 440 keV and 1634 keV ( Fig. 2) . At the higher energies one also observes the 451 keV γ ray from 12 C ( 12 C, n) 23 Mg, sufficiently resolved from the 440 keV line (Fig. 2) . The neutron channel (Q = −2.599 MeV) is closed at the lower energies, and the contribution of this channel at higher energies turn out to be negligible (less than 5%) [5, 9] . The specific γ-ray yields of the two lines as a function of the beam energy represent a somewhat varying but sizable fraction of the total fusion yield, with a mean value of about 55±5% and 48±5% of the α and p channel, as observed at E > 2.8 MeV [4] . We used these mean values in our analyses at all energies [8] . It was also found that the two γ-rays exhibited nearly isotropic angular distributions [3] . Thus, we normalized our data to the recommended absolute cross section of Ref. [10] .
The reaction yield of the infinitely thick C target, Y ∞ (E), was obtained in several runs at E = 2.10 MeV to 4.75 MeV, with energy steps ∆ = 25 keV. In order to arrive at a thin-target yield curve, Y (E), the thick-target yield curve was differentiated, i.e. the yield difference between two adjacent points Y ∞ (E) and Y ∞ (E − ∆) was calculated and divided by ∆. The result is
where E eff is the effective energy over the step ∆ [1] , α is the normalization constant and ε(E) is the stopping power [11] . The present technique avoids the previous problems of target deterioration and/or carbon deposition when thin C targets were used, as discussed in Ref. [10] . The resulting cross sections σ(E eff ), i.e. the weighted average of several runs, are illustrated in Fig. 3 in the form of the modified astrophysical S(E) * factor [1∼4, 8, 12] σ
with E in units of MeV. The lowest data point corresponds to a cross section of about 20 pb. Screening effects of the atomic electrons with U e = 5.9 keV [13] lead to a cross section enhancement of 8% at E = 2.2 MeV, and have thus been neglected. The data exhibit a pronounced resonance structure, which is in good agreement with previous data at E > 3.0 MeV. The resonance structure continues down to our low-energy limit, where a strong resonance is found at E R = 2138 ± 6 keV (width Γ R < 12 keV) with a strength (ωγ) R = 0.11 ± 0.03 MeV and 0.02±0.03 MeV for the α and p channel, respectively, as deduced from the step in the thick-target yields at this resonance [7] . The quoted errors are mainly of a statistical origin and contain the 5% uncertainties of the reference cross sections.
The reaction rate per particle pair for the nonresonant plus resonant parts is given by the expression [1, 8] σv = 3.33 × 10 −21 τ 2 exp(−τ )S * + 5.54 × 10
with τ = 839/T 1/3 eff and T eff = T 6 /(1 + 4.0 × 10 −5 T 6 ), where the temperature T 6 is in units of 106 K, S * is in units of keV b, and (ωγ) R and E R are in units of keV. It turns out that the 2.14 MeV resonance increases the α-channel rate by about a factor of five near T = 8 × 10 8 K. We will have to wait for the results of stellar model calculations for the astrophysical consequences of this higher rate.
Electron screening in d(d, p)t for deuterated targets
It is well known that the cross section σ(E) of a charged-particle-induced nuclear reaction is enhanced at sub-coulomb energies by the electron clouds surrounding the interacting nuclides, with an enhancement factor [1] (4) where σ s (E) and σ b (E) are the cross section for screened nuclei and bare nuclei, E is the center-of-mass energy, η(E) is the Sommerfeld parameter, and U e is the screening potential energy.
The equipment, procedures and data analysis have been described elsewhere [14∼17] . Briefly, the 100 kV accelerator provided the 5 µA D 2 ) were installed at a laboratory angle θ = 130
• around the beam axis, each at a distance of 5 cm from the target and covered with a 0.75 µm thick Ni foil to stop the intense flux of elastically scattered particles. In the first step the surface of a given sample was cleaned in situ by Kr sputtering at 35 keV, typically removing about 300 monolayers. As the second step, the sample was deuterated at a given deuteron energy until a saturated yield was reached. This implantation procedure was repeated over the full energy range of the planned experiment, typically taking about four days of running. Finally, the reaction yield of the thick target, Y ∞ (E), was obtained in several runs at E d = 5 keV to 30 keV, with energy steps ∆ = 0.5 keV at E d = 5 keV to 10 keV and ∆ = 1.0 keV at E d = 10 to 30 keV. The thin-target yield can be obtained from the differential of the thick-target yield according to Eq. (1). The screening potential energy, U e , was obtained by fitting the data with the enhancement factor of Eq. (4). We also tested the stability of the solubility against diffusion by switching the deuteron beam off for an extended period (typically six hours); the subsequent yield measurement was unchanged within experimental uncertainty, indicating a stable solubility both at room temperature and elevated temperatures. The electron screening in d(d, p)t was studied for deuterated metals, insulators and semiconductors, i.e. 58 samples in total [14, 15] . A comparison of the U e values with the periodic table indicates a common feature (Fig. 4) : compared with the measurements performed with a gaseous D 2 target (U e = 25 eV [18] ), a large screening was observed in the metals (of the order U e = 300 eV), while a small (gaseous) screening was found for the insulators and semiconductors. An exception was found for the metals of groups 3 and 4 of the periodic table and the lanthanides, which showed a small screening; this is related to their high hydrogen solubility y, of the order of one, that gives the deuterated targets of these metals the properties of insulators. We measured all metals of groups 3 and 4 and the lanthanides again at T = 200
• C. In fact, at T = 200
• C all these metals exhibited a large reduction in solubility and thus a large screening became observable [16, 17] . As a consistency test we also studied the insulator C at T = 200
• C. The solubility decreased from 0.35 (T = 200
• C) to 0.15, but no enhanced screening was observed.
An explanation of the large screening was suggested by the plasma screening of Debye applied to the quasifree metallic electrons [14] . By quoting the electron Debye radius, one can obtain
where n eff is the number of valence electrons per metallic atom, and ρ a is the atomic density. A critical test of the Debye model is the predicted temperature dependence U e (T ) ∝ T −1/2 . We measured the screening effect for the deuterated metal Pt at a sample temperature between T =20
• C and 340
• C, and for Co at T =20 • C and 200 • C. Both metals have a solubility of a few percent at all T in the present work. The results for Co and Pt are given in Table 1 and the U e (T ) values for Pt are plotted in Fig. 5 , together with the expected dependence U e (T ) ∝ T −1/2 (dotted curve) [16, 17] . All data show a decrease in the screening, i.e. the U e value, with an increasing temperature. Over the present temperature range, the reported Hall coefficient for Pt increases by about 20% [19] , leading to a corresponding decrease in n eff , which we took into account (solid curve in Fig. 5) ; there is good agreement between observation and expectation. The data represent the first observation of the temperature dependence of a nuclear cross section. (5)) and the solid curve includes the observed T -dependence of the Hall coefficient [18] , i.e. n eff (T )
Conclusions
The 12 C( 12 C, α) 20 Ne and 12 C( 12 C, p) 23 Na reactions were studied in the energy range of E = 2.10 MeV to 4.75 MeV by γ-ray spectroscopy, and the deduced astrophysical S(E) * factor exhibited new resonances at E ≤ 3.0 MeV, in particular a strong resonance at E = 2.14 MeV. The resonance increased the reaction rate of the α-channel by a factor of five near T = 8 × 10 8 K. With an underground accelerator, even with an unshielded but improved detection system such as a Ge crystal ball, a beam current of 200 particle µA and long running times, it appears possible to perform measurements over the energy range of the Gamow peak.
Electron screening in d(d, p)t was studied for a series of deuterated metal, insulator and semiconductor targets. All data on the enhanced electron screening in deuterated metals can be explained quantitatively by the Debye model applied to the quasi-free metallic electrons. An improved theory is highly desirable in order to explain why the simple Debye model appears to work so well. Without such a theory, one may consider the Debye model as a powerful parametrization of the data.
